Our previous study revealed that aquaporin 4 (AQP4) knockout attenuated locomotor activity in cocaine exposure mice and reduced the extracellular dopamine levels in the nucleus accumbens, suggesting that AQP4 might participate in cocaine addiction. The aim of the present study was to investigate the impact of AQP4 on cell proliferation of dentate gyrus in the mouse hippocampus after repeated cocaine treatment and withdrawal. The immunohistochemistry results showed that repeated cocaine administration significantly decreased cellular proliferation in the subgranular zone, which was followed by a rebound increase after 2-wk withdrawal and a return to normal level after 3-wk withdrawal. AQP4 knockout resisted cocaine-induced reductions of neural cell proliferation. Further studies through immunohistochemistry and immunoblot analysis showed that AQP4 knockout sustained the levels of glial fibrillary acidic protein in the hippocampus, and suppressed the enhancement of extracellular signal-regulated kinase phosphorylation induced by repeated cocaine administration. Notably, AQP4 knockout increased protein kinase C activity examined by substrate protein phosphorylation method, which was not affected by cocaine administration or withdrawal. We also found that repeated cocaine administration could elevate the expression of AQP4 in wild-type mice. In conclusion, it is reported for the first time that AQP4 knockout resisted cocaine-mediated inhibition of neural cell proliferation via up-regulating PKC-mediated signal transduction, suggesting that AQP4 might regulate neurogenesis during drug addiction. Our findings may have helpful implications in the cell biology of neurogenesis.
Introduction
Aquaporins (AQPs) are membrane water channels that play critical roles in controlling the water content of cells. These channels are widely distributed in all kingdoms of life, including bacteria, plants, and mammals (Tait et al. 2008) . Thirteen isoforms, aquaporin 0 (AQP0) to aquaporin 12 (AQP12) have been found in mammals to date (Meng et al. 2008) , and several diseases, such as congenital cataracts and nephrogenic diabetes insipidus, are associated with the impaired function of these channels (Francis et al. 2000 ; . AQP4 is the principal AQP in mammalian brain (Manley et al. 2000) , and its expression is polarized in astrocyte foot process adjacent to endothelial cells (Tait et al. 2008) . Until presently, AQP4 had been considered a critical modulator for both water and ion homeostasis in brain, therefore most studies regarding the role of AQP4 focused mainly on its contribution to ischaemia, cerebral oedema, and epilepsy (Binder et al. 2004 ; Bloch et al. 2005 ; Manley et al. 2000) . Interestingly, the results from our laboratory have demonstrated that AQP4 knockout induced significant region-dependent alterations of neurotransmission in the brain. Lack of AQP4 was found to induce different changes in the levels of amino acids and monoamines between male and female mice, especially in the levels of dopamine (Fan et al. 2005) . We also found that AQP4 knockout downregulated glutamate tranporter-1 (GLT-1) expression and reduced glutamate uptake by primary cultured astrocytes (Zeng et al. 2007 ). These findings suggest that AQP4 not only regulates water transport but also participates in neurotransmission. Recently, we reported that AQP4 deficiency attenuated the cocaineinduced locomotor sensitization in mice, and reduced the extracellular dopamine and glutamate levels in the nucleus accumbens (Li et al. 2006) . Similarly, McClung and colleagues have found altered aquaporin 4 gene expression during morphine-dependence (McClung et al. 2005) . These findings imply that AQP4 might participate in the process of drug addiction.
Drug addiction can be considered as a chronic devastating mental illness (Hyman & Malenka, 2001 ). The recent discovery that addictive drugs alter neurogenesis in the adult hippocampus has introduced a new dimension of complexity to this field (Canales, 2007) . Numerous factors have been documented to regulate adult neurogenesis. Notably, astrocytes play a pivotal role in the process. Astroctyes are known to modulate the environment around neurons, to release a range of neuronal growth factors and to control neuronal life more directly by regulating the production of synapses (Panickar & Norenberg, 2005) . In particular, astrocytes can also stimulate neurogenesis from subventricular zone progenitors (Lim & Alvarez-Buylla, 1999) . In the dentate gyrus (DG) of adult hippocampus, astrocytes are in intimate contact with proliferating cells in vivo and thereby instruct the neuronal fate commitment of adult stem cells (Song et al. 2002) . These evidences highlight the critical roles of astrocytes in controlling neurogenesis.
Multiple signal transduction pathways have been identified to regulate the neurogenesis process. For instance, extracellular signal-regulated kinase (ERK) signalling has been suggested to play a significant role in neurogenesis (Hao et al. 2004) , and protein kinase C (PKC) along with other kinases is required for vascular endothelial growth factor (VEGF)-induced proliferation of neuronal precursors (Wu et al. 2000) . It has also been reported that ERK regulates cell proliferation in mouse neural progenitor cells via PKC-dependent mechanism (Evrard et al. 2004 ; Sung et al. 2007) .
Since AQP4, the isoform especially expressed in astrocytes in brain, participates in regulating cocaine dependence as well as in neurotransmission, it is proposed that AQP4 might participate in the neurogenesis process during addiction to cocaine. Therefore, the present study used bromodeoxyuridine (BrdU) labelling to investigate whether AQP4 knockout affects the neural cell proliferation after repeated cocaine administration and withdrawal. We then compared the astrocytic responses and the alterations of PKC and ERK activity after cocaine treatment and withdrawal in AQP4 +/+ and AQP4 x/x mice. Finally, the expression changes of AQP4 induced by chronic cocaine administration and withdrawal were investigated in AQP4 +/+ mice.
Materials and methods

Animals
The generation and genotyping of AQP4 knockout mice has been described previously (Fan et al. 2005) . Male mice aged 2-3 months had free access to food and water, and were maintained on a 12-h light/dark cycle (lights on 12:00 hours 
Treatment
Both wild-type and AQP4 knockout mice were randomly assigned to either saline or cocaine treatment according to a previously described protocol (Li et al. 2006) . During 14 d, the mice received a daily i.p. injection of either cocaine (20 mg/kg) or saline (0.1 ml/ 10 g).
BrdU labelling
BrdU (Calbiochem, USA) was dissolved in 0.9 % saline (20 mg/ml) and administered (4r50 mg/kg every 2h) 8 h before the mice were killed by transcardial perfusion in order to measure cell proliferation. To examine a time-course of changes in cell proliferation after chronic cocaine exposure, the last dose of BrdU was injected 2 h before the perfusion time-points of day 0 (t=0 h ; 2 h before the last dose of cocaine), and days 7, 14, 21 and 28.
Immunohistochemistry
Mice were deeply anaesthetized with ketamine and were transcardially perfused with 4 % paraformaldehyde, and brains were dissected out and maintained in 4 % paraformaldehyde overnight. The brains were cryopreserved in 30 % sucrose in PBS and stored at x70 xC until required. Coronal freezing sections (30 mm) were collected in a 1 : 6 ratio and stored in cryoprotectant at x20 xC until processed for immunohistochemistry. The sectioning yielded tissue for the entire DG (from x1.34 mm to x3.89 mm from Bregma). Every sixth section was used for BrdU immunohistochemistry so that each section was 180 mm apart. BrdU immunohistochemistry follows the methods of Kuhn et al. (1996) with an additional denaturing step, as reported previously (Nixon & Crews, 2002) . Briefly, after denaturing and blocking in 5 % BSA, free-floating sections were incubated in mouse antiBrdU (1 : 10 000 ; Serotec, UK) overnight, and then for 1 h with goat anti-mouse HRP-conjugated secondary antibodies (1 : 200 ; Sigma, USA). Immunoreactivity was visualized by incubation in (3,3-diaminobenzidine ; DAB). Omitting the denaturing step, free-floating sections were incubated in mouse anti-rabbit glial fibrillary acidic protein (GFAP) antibody (1 : 500 ; Chemicon, USA) overnight, and then for 1 h with goat anti-rabbit HRP-conjugated secondary antibodies (1 : 200 ZhongShan, China). Immunoreactivity was visualized by incubation in DAB. Sections were counterstained with haematoxylin.
Stereological estimates of BrdU-positive and GFAP-positive cell number
A single examiner who was blind to the group identification of each animal performed the data collection. After randomly selecting a starting point, every sixth section along the dorsoventral extent of the hippocampus including DG and subgranular layer was selected, yielding an average of 12 sections per animal for analysis. First, the boundaries of the DG and subgranular layer formation were demarcated for the stereological analysis using a low-power magnification lens. The total number (N) of BrdU-and GFAP-positive cell were estimated with the optical dissector following fractionator rules and a semi-automated system (StereoInvestigator, USA). The total number of cells was estimated as :
where P Q x is the number of counted positive cells ;
ssf is section sampling fraction (1/6) ; A(x,y step) is the area associated with each x, y movement (sampling area), which was 50 mmr50 mm for BrdU-positive cell counting and 100 mmr100 mm for GFAP-positive cell counting ; a(frame) is the area of the counting frame, which was 50 mmr50 mm ; t is the thickness of the section (30 mm) ; and h is the height of the dissector (6 mm). The average post-processing section thickness was 12 mm and the guard height was 3 mm. Section thickness was determined in the hilus of each section by differential focusing using a r40 objective. A single observer focused between the first and last sharp DAB-positive profile, while the vertical movement of the microscope stage was measured using StereoInvestigator software (Microbrightfield).
Immunoblot analysis
Using the same model of repeated cocaine administration as described above, another group of mice were explored for testing the protein levels by Western blotting. The mice were decapitated 3 h after the last dose of cocaine at day 0 and hippocampi were isolated. Each hippocampus was homogenized with homogenization buffer (mass/volume=1 : 10) containing the following : 25 mM Tris-HCl (pH 7.4), 0.05 % b-mercaptoethanol, 0.5 mM EDTA, 0.05 mM EGTA, 100 mM PMSF, 1 mg/ml aprotinin and 1 mg/ml leupeptin. After centrifugation, the lysate was collected. Normally, 30 mg protein was loaded per lane onto 8-16 % gradient gels containing 0.1 % SDS. After electrophoresis and transfer to nitrocellulose membrane, the membrane was blotted for AQP4 (1 : 800 ; Chemicon, USA), ERK (1 : 1500 ; Cell Signaling Technology, USA) and b-actin (1 : 15 000 ; Sigma, USA). Developed with electrochemiluminescence (ECL), the bands of each immunoblot were scanned and quantified (using Omega 16IC, Ultra-Lum, USA). Protein concentrations were determined by bicinchoninic acid (BCA ; Pierce, USA) (Huang et al. 2006) .
PKC kinase assay
Protein lysates of hippocampus were also used in PKC assay using the Protein Kinase C enzyme assay system (Upstate Biotechnology, USA) and according to the manufacturer's instructions.
Statistical analysis
All values are expressed as mean¡S.E.M. When variances were not homogeneous in groups, rank transformation was used for ANOVA comparison. Results were compared by two-way ANOVA (genotype and cocaine as factors of variation), followed by one-way ANOVA to analyse the effects of cocaine in each group (AQP4 +/+ and AQP4 x/x ). Differences were considered significant at p<0.05.
Results
AQP4 knockout resists cocaine-induced reduction of cell proliferation in the mouse hippocampal DG
Cell proliferation was investigated at several timepoints : day 0 (t=0 h), and days 7, 14, 21 and 28 after (Fig. 1 a, b, m ; F 1,34 =14.734, p=0.001). At day 7 of abstinence, the number of BrdU-positive cells in cocaine-exposed AQP4 +/+ mice returned to control levels ( Fig. 1 c, m) . Unexpectedly, after 14 d withdrawal, the number of BrdU-positive cells in cocaine-treated groups increased to 125 % of control (Fig. 1 a, d, m ; F 1,34 =7.238, p=0.011). By days 21 and 28 of cocaine abstinence, the number of BrdU-positive cell was similar between cocaine-exposed and control mice ( Fig.  1 e, f, m) . However, in AQP4
x/x mice, chronic cocainetreated mice exhibited similar BrdU-positive cells to controls in the hippocampus. However, the BrdUpositive cells in cocaine-exposed groups remained at the control levels at days 7, 14, 21 and 28 of abstinence ( Fig. 1 g-m) . Collectively, chronic cocaine administration decreased the cell proliferation in AQP4 +/+ mice, which was restored after 1-wk withdrawal, especially followed by a rebound increase in proliferation at day 14 of abstinence. But chronic cocaine administration and cocaine withdrawal failed to affect the number of BrdU-positive cells in AQP4 x/x mice.
AQP4 knockout induces hypo-response of astrocytes to cocaine insults
GFAP, a cytoskeletal intermediate filament protein, is used as a specific marker for astrocytes. The quantitative changes in immunoreactivity of GFAP were investigated at the same time-points with the observation of cell proliferation. Compared to saline-treated mice, GFAP-positive cells were significantly decreased in AQP4 +/+ mice after 14 d cocaine administration (Fig. 2 a, b, m ; F 1,22 =81.831, p=0.000). Thereafter, the number of GFAP-positive cells in cocaine administration groups was increased and returned to control levels after 1-wk withdrawal (Fig. 2c-f, m) . However, in AQP4
x/x mice, repeated cocaine administration and withdrawal failed to alter the number of GFAPpositive cells in the mouse hippocampal DG (Fig. 2 g-m) .
AQP4 knockout suppresses ERK phosphorylation and up-regulates PKC activity
In order to explore the signal pathways involved in the effects of AQP4 on cell proliferation, the phosphorylation of ERK and PKC activity were further examined. Since the changes of cell proliferation were detected at days 0 and 14 after cocaine withdrawal, the same time-points were chosen to observe the impacts of AQP4 on the intracellular signalling transduction in the hippocampus. Chronic cocaine administration increased phosphor-ERK1/2 (pERK1/2) expression in both AQP4 +/+ (F 1,4 =444.556, p=0.000) and AQP4
x/x (F 1,4 =37.356, p=0.004) mice. At day 14 after cocaine withdrawal, pERK1/2 expression in AQP4 +/+ mice was still higher than control levels (F 1,4 =10.862, p=0.030). However, pERK1/2 expression in AQP4 x/x mice had returned to control levels (Fig. 3) . Notably, without cocaine exposure, AQP4 x/x mice showed an increase in PKC activity compared with AQP4 +/+ mice (F 1,12 =13.288, p=0.004 ; F 1,11 =9.923, p=0.010). Chronic cocaine administration induced marked down-regulation of PKC activity (F 1,12 = 13.093, p=0.004), which returned to control levels after 2-wk withdrawal in AQP4 +/+ mice. However, repeated cocaine administration and withdrawal failed to alter the activity of PKC in AQP4 x/x mice (Fig. 4) .
Chronic cocaine administration and withdrawal alter the expression of AQP4 in the mouse hippocampus
Western blotting was used to analyse the expression of AQP4 in the hippocampus of AQP4 +/+ mice. Compared with the control groups, chronic cocaine administration caused a significant increase of AQP4 expression (F 1,6 =66.783, p=0.000 ; Fig. 5 ), and this increase recovered to control levels after 2 wk of cocaine withdrawal. The results suggested that chronic cocaine administration and withdrawal could regulate the expression of AQP4. 3 . Effects of AQP4 knockout on pERK expression in mouse hippocampus after chronic cocaine administration and withdrawal. All comparisons were analysed on the same gel and were expressed as percent of AQP4 +/+ control (n=3). ** p<0.01 vs. AQP4 +/+ control group at day 0 ; ## p<0.01 vs.
AQP4
x/x control group at day 0 ; * p<0.05 vs. AQP4
+/+ control group at day 14. Data were expressed as means¡S.E.M. of four independent experiments performed in triplicate. WS, Saline-injected AQP4 +/+ mice ; WC, cocaine-
Discussion
Accumulating evidence has indicated that psychoactive substances negatively influence neurogenesis in the adult hippocampus. These findings have provided new insights into the neurobiology of drug addiction.
In the present study, we showed a reduction of cellular proliferation after daily cocaine treatment, which returned to normal after 3 wk withdrawal. These data support the recent finding that withdrawal from cocaine self-administration normalizes deficits in cell proliferation of adult hippocampus (Noonan et al. 2008) . Moreover, these authors reported that 4-wk withdrawal after cocaine self-administration resulted in more immature double cortin-immunopositive neurons (Noonan et al. 2008) . The results from the present study also revealed that 2 wk withdrawal from daily cocaine stimulation induced a burst of cell proliferation in the subgranular zone, which might have contributed to the increase in immature neurons. Surprisingly, we found that AQP4 knockout inhibited the alteration of cell proliferation, indicating that AQP4 may participate in regulation of cell proliferation by repeated cocaine treatment and withdrawal. Neurogenesis is found to be regulated by many factors. Among them, astrocytes are known to play critical roles in the process. It has been documented that the regionally specified astrocytes provide a unique niche for adult neurogenesis (Song et al. 2002) , and they produce a variety of soluble-and membraneassociated factors (Panickar & Norenberg, 2005) , which are responsible for promoting neurogenesis. In the present study, repeated cocaine administration induced a dramatic decrease in GFAP-positive cells, which was consistent with a previous report (Fattore et al. 2002) . In Fattore's study, astrocytes become branched and shrunken after prolonged cocaine treatment indicating that the function of astrocytes could be compromised. Since astrocytes play important roles in regulating neurogenesis, the injured astrocytes may have negative effects on cell proliferation in the hippocampus. Following cocaine withdrawal, we found that the GFAP levels gradually returned to the control levels. The increased number of GFAP-expressing cells may reflect the recovery of astrocytes from injury which could benefit cell proliferation. AQP4 is predominantly expressed in astrocytes and known to regulate various functions of astrocytes (Manley et al. 2000 ; Nicchia et al. 2003 ; Zeng et al. 2007) . In the present study, we found that neither cocaine administration nor cocaine withdrawal affected the number of GFAPpositive cells in AQP4
x/x mice. The results suggested that AQP4 knockout resulted in hypo-response of astrocytes to cocaine insults, and thereby resisted cocaine-induced negative effects on neural cell proliferation. In order to clarify the possible mechanisms involved in the impact of AQP4 on cell proliferation, alterations of ERK and PKC activity were investigated. It is well-documented that the ERK pathway plays important roles in cocaine addiction. The role of ERK in cocaine addiction involves long-term stable alterations in synaptic plasticity (Lu et al. 2006) . In the present study, we found a significant increase of pERK in the hippocampus after repeated cocaine administration in AQP4 +/+ mice. This result was coincident with the study that ERK phosphorylation was enhanced by various addictive drugs (Valjent et al. 2000) . The levels of pERK were still higher than control levels after 2-wk withdrawal, which may be responsible for the role of ERK in consolidating memories for cocaine cues after withdrawal (Lu et al. 2006) . In addition to regulating addictive processes, the ERK pathway is also mediated by neurotrophic factors that regulate neurogenesis, neurite outgrowth, and neuronal survival (Hao et al. 2004) . We found that cocaine administration decreased cell proliferation significantly, although it increased ERK phosphorylation. These results indicate that the inhibitory action of cocaine on cell proliferation may be independent of ERK phosphorylation. Moreover, ERK phosphorylation in AQP4 x/x mice was weaker than that in AQP4
+/+ mice, confirming our previous findings that AQP4 deficiency attenuated the cocaine-induced locomotor sensitization in mice, and reduced the extracellular dopamine and glutamate levels in the nucleus accumbens (Li et al. 2006) . It has been reported that blockade of PKC could diminish thymidine incorporation into DNA and inhibit cell proliferation (Wu et al. 2000) . The present study found that chronic cocaine administration decreased PKC activity, and this decrease returned to normal levels after 2 wk of cocaine withdrawal in AQP4 +/+ mice. Therefore, the reduction of cell proliferation induced by cocaine could be due to the down-regulation of PKC activity, and the recovery of PKC activity after cocaine withdrawal would also help to ameliorate the cell proliferation. The functional studies have shown that PKC decreased AQP4 water permeability via phosphorylation at Ser 180 (Han et al. 1998) . In the present study, we found that PKC activity in AQP4
x/x mice was higher than that in AQP4 +/+ mice, and repeated cocaine administration and withdrawal failed to alter PKC activity in AQP4 x/x mice.
These findings suggest that the up-regulation of PKC activity might be responsible for the resistant action of AQP4 knockout on cocaine-induced inhibition of neural cell proliferation.
In conclusion, this is the first report that AQP4 knockout resisted cocaine-induced inhibition of neural cell proliferation via up-regulating PKC-mediated signal transduction, suggesting that AQP4 might regulate neurogenesis during drug addiction. Our findings may have helpful implications in the cell biology of neurogenesis. However, the detailed mechanism involved in the regulatory action of AQP4 in neurogenesis require further study.
